Purpose While the mechanism of Deep Brain Stimulation (DBS) remains poorly understood, previous studies have shown that it evokes release of neurochemicals and induces activation of functional magnetic resonance imaging (fMRI) blood oxygen level-dependent signal in distinct areas of the brain. Therefore, the main purpose of this paper is to demonstrate the capabilities of the Wireless Instantaneous Neurotransmitter Concentration Sensor system (WINCS) in conjunction with a carbon nanofiber (CNF) multiplexed array electrode as a powerful tool for elucidating the mechanism of DBS through the simultaneous detection of multiple bioactivemolecules. Methods Patterned CNF nanoelectrode arrays were prepared on a 4-inch silicon wafer where each device consists of 3 × 3 electrode pads, 200 µm square, that contain CNFs spaced at 1 µm intervals. The multiplexed carbon nanofiber CNF electrodes were integrated with WINCS to detect mixtures of dopamine (DA) and oxygen (O 2 ) using fast scan cyclic voltammetry (FSCV) in vitro. Results First, simultaneous detection of O 2 at two spatially different locations, 200 um apart, was demonstrated. Second, simultaneous detection of both O 2 and DA at two spatially different locations, using two different decoupled waveforms was demonstrated. Third, controlled studies demonstrated that the waveform must be interleaved to avoid electrode crosstalk artifacts in the acquired data. Conclusions Multiplexed CNF nanoelectrode arrays for electrochemical detection of neurotransmitters show promise for the detection of multiple analytes with the application of time independent decoupled waveforms. Electrochemistry on CNF electrodes may be helpful in elucidating the mechanism of DBS, and may also provide the precision and sensitivity required for future applications in feedback modulated DBS neural control systems.
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INTRODUCTION
Traditional fast-scan cyclic voltammetry (FSCV) methods have employed a single carbon fiber pulled in a glass capillary for detection of neurotransmitters. While this technique has proven successful for over 20 years, it has many drawbacks. The carbon fiber microelectrode (CFM) can only record from a single location in the brain, and is fragile, making handling and potential human implantation a near impossibility. In recent years, nanoelectrodes using various nanomaterials such as carbon nanotubes, graphene and other inorganic nanowires have been explored to detect neurotransmitters [1] . Among these efforts, a nanoelectrode array (NEA) using vertically aligned carbon nanofibers (CNF) as sensing elements has reached some level of maturity in terms of wafer-scale fabrication and application demonstration [2] [3] [4] [5] [6] [7] . The CNFs have previously demonstrated high sensitivity, high spatial resolution, and good biocompatibility [6, 8, 9] . These features have been partially attributed to their bamboo-like structure, in which the open ends of the CNFs have very fast electron transfer rate similar to graphite edge planes [9] . In addition, the CNF electrode is mechanically strong in comparison to the pulled borosilicate glass capillary which can have a wall thickness of less than one micron toward the tip. In its current form, the 3×3 CNF electrode is not suitable for implantation due to its shape and overall size; therefore the experiments in this study were performed in vitro. However, the methods to manufacture these electrodes evolve from semiconductor processing techniques, which enables a variety of electrode shapes, sizes, and multiplex options to be batch fabricated at low cost, and thus an electrode useful for in vivo applications is not far from reach. Currently, we are developing the next generation penetrating multiplexed carbon nanofiber electrode array that may be deployed using the Leksell stereotactic frame during DBS neurosurgery. Aside from the manufacturing possibilities and mechanical robustness, carbon nanofiber electrodes offer highly advantageous multiplexing capabilities. Multiplexing of arrays of sensing electrodes supports increased spatial resolution for electrochemical recordings. In addition to improvements in spatial resolution, multiplexing can support the application of multiple waveforms.
Deep brain stimulation (DBS) is a state-of-the-art neurosurgical treatment for patients with movement and psychiatric disorders. While the mechanism remains poorly understood, previous studies have shown that DBS evokes release of neurochemicals and induces activation of fMRI blood oxygen level-dependent (BOLD) signal in distinct areas of the brain, including the dopamine rich basal ganglia network [10] . Highly selective electrochemical detection of oxygen and neurotransmitters is now possible with the use of multiplexed arrays. Neural activity has been associated with changes in cerebral blood flow, and electrochemical detection of oxygen is a good indicator of increased blood flow [11] . Here, we present the integration of the Mayo Clinic developed WINCS system and the NASA developed carbon nanofiber 3×3 array for the evaluation of multiplexing capabilities and simultaneous electrochemical detection of DA and O 2 .
METHODS

Electrode fabrication
Sensor devices of patterned CNF nanoelectrode arrays were prepared on a 4-inch silicon wafer. Each device consists of 3 × 3 electrode pads, each 200 µm square, that contain CNFs spaced at 1-µm intervals as shown in Fig. 1a . Detailed fabrication protocols have been described previously [12] . Vertically aligned CNFs were grown from 100-nm diameter, electron-beam defined nickel catalyst areas in a DC-biased plasma-enhanced chemical vapor deposition (PECVD) reactor (BlackMagic Nanoinstruments, Cambridge UK) using ethylene feedstock (125 sccm) and ammonia etchant (444 sccm) at 700 o C, 4.7 Torr and 180 W. CNF length typically ranged from 2.5 to 3.5 µm. The CNFs were encapsulated with dual-RF PECVD-deposited silicon dioxide using O 2 (6000 sccm) and tetraethylorthosilicate (2-3 mL/min) at 400 o C, 3 Torr and 1000 W. The oxide was polished using 0.5-µm alumina slurry to expose the tips of the CNFs. Finally, the silicon dioxide covering the contact pads was removed using a dilute 7:1 water:hydrofluoric acid solution (Sigma Aldrich, Saint Louis, MO). The Ag/AgCl reference electrodes, a 31-AWG Teflon-insulated Ag wire (World Precision Instruments, Sarasota, FL, USA), were prepared by chlorination in bleach solution over night.
Microscopy characterization of electrodes
A Hitachi S-4800 field emission scanning electron microscope (SEM) (Hitachi, Pleasanton, CA), operated with 10-kV accelerating voltage and 10-µA beam current, was utilized to visualize the CNF array and CFM. The CFM length and diameter were measured from SEM images using ImageJ software (NIH, version 1.36b), via the freehand selection for dopamine detection is a pyramidal excursion ("scan") from a baseline potential of -0.4 V to a peak of +1.0 V and back to baseline, at a "scan rate" of 300 V/s. The waveform used for oxygen is an N-shape excursion with a 0.0 V holding potential, first scanned to +0.2 V, then down to -1.3 V, and back to 0.0 V, at a "scan rate" of 450 V/s. Scans were repeated 10 times per second.
